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Drought and flood events cause billions of dollars of economic damages in the United 
States and other countries every year. To alleviate both types of disaster, reservoirs regulate 
inflow, decreasing downstream variability. However, one blind spot in current reservoir 
operation, specifically considering flood and drought management, is the impacts of current 
operation on the demands which operation is subject to in the future. Reservoirs are operated 
considering event and seasonal scales but influences processes, such as socioeconomic 
development, that occur over much longer time scales and in turn feedback to influence reservoir 
decisions. Recent and ongoing progress in understanding coupled social-hydrological systems 
provides a path to begin pro-actively managing reservoirs considering socio-economic dynamics. 
We develop a proof-of-concept model for feedbacks between reservoir operation and floodplain 
development, a specific case of socio-economic feedbacks, and discuss its potential implications 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 
Drought and flood events cause billions of dollars of economic damages in the United 
States (NOAA, 2018) and other countries every year. To alleviate both types of disaster, 
reservoirs regulate inflow, decreasing downstream variability. However, reservoir capacity is 
limited, and the uncertainty of future inflows clouds how to best allocate storage between flood 
or drought prevention. Such decisions may become even more difficult in the future as the 
climate changes, possibly resulting in wet times getting wetter and dry times getting drier (Donat 
et al. 2016; Greve et al. 2014; Trenberth 2011).  
One blind spot in current reservoir operation, specifically considering flood and drought 
management, is the impacts of current operation on the demands which operation is subject to in 
the future. Reservoirs are operated considering event and seasonal scales, but operation 
influences processes, such as socioeconomic development, that occur over much longer time 
scales and feedback to influence operation as well. There is no history of reservoirs being 
operated with explicit consideration of such feedbacks (to the authors’ knowledge), and even 
retroactive adjustments of operation priorities are often lacking (Marston and Cai 2016). 
However, recent and ongoing progress in understanding coupled social-hydrological systems 
provides a path to begin pro-actively managing reservoirs considering socio-economic dynamics, 
(Sivapalan, Savenije, and Blöschl 2012; Giuliano Di Baldassarre et al. 2015). We develop a 
proof-of-concept model for feedbacks between reservoir operation and floodplain development, 
an example of socio-economic feedbacks on reservoir operation and discuss its potential 
implications for reservoir management.  
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This thesis is structured in four main chapters: first, in this chapter we provide 
background for reservoir operation and floodplain development; second, we explain the 
conceptual, mathematical model for coupled reservoir operation and floodplain development; 
third, we apply the model and analyze its results and sensitivity, extracting general insights; and 
third, we attempt to demonstrate the feedback from floodplain development to reservoir 
operation via a real-world case study. Following these three main chapters, we offer conclusions 
and description of future work. 
The Importance of Reservoirs in Water Management 
 There have been 25 distinct drought events and 29 distinct flood events which have 
caused more than one billion dollars of damage in the United States since 1980 (NOAA, 2018). 
Many regions have undergone both extreme drought and flooding, even in close proximity to one 
another. For instance, the state of California experienced widespread drought from 2012-2016, 
inflicting economic losses across many sectors, especially agriculture (Cal DWR, 2015). Near 
the end of the drought, in 2015, the water level of the Shasta dam in northern California was at 
just 29 percent of its capacity (NASA, 2017A). Then, in February 2017 an atmospheric river 
dumped massive amounts of rainfall on Northern California (NASA 2017B), causing similarly 
heavy flood damages (NOAA 2018). During this time, the Shasta dam was entirely refilled and 
forced to spill water from its floodgates, while the nearby Oroville dam almost failed from the 
pressure of high waters (Serna, 2017).  
 The central purpose of reservoirs is to control natural streamflow variability. Thus, 
reservoir construction and management have been critical elements of flood and drought control 
infrastructure throughout the world (Loucks and Beek 2017). Reservoirs can alleviate flooding 
by preserving empty storage before an expected flood, absorbing the flood waters into the empty 
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storage and slowly releasing the water at safer levels. On the other hand, reservoirs can reduce 
releases now and increase stored water for future use when drought is anticipated. However, due 
to limited capacity, reservoirs cannot entirely prevent disaster (as illustrated in the Shasta Dam 
example above), and perfect operation is inhibited by the uncertainty of future weather 
conditions. For example, mismanagement of reservoirs in Kerala, India likely contributed to 
devastating flooding in August, 2018, where reservoirs were allowed to remain near full capacity 
leading up to the flood (Mishra et al. 2018). As dry times get potentially drier and wet times 
potentially wetter (Trenberth 2011), the demand for reservoir storage and the stakes of operation 
will increase. 
The Trade-off between Water Conservation and Flood Control 
 The primary inherent difficulty in reservoir operation is that most reservoirs serve 
multiple purposes which are often in direct conflict with one another. Indeed, flood control and 
water conservation are necessarily always in conflict: water conservation requires holding 
(conserving) water in the reservoir to use later (whether for domestic supply, hydropower 
production, agricultural use, or otherwise), while flood control requires maintaining empty space 
in the reservoir for future filling. As long as reservoir capacity is reasonably finite, water 
Figure 1: Reservoir storage is allocated between flood storage capacity and active storage (water 
conservation) capacity, which are mutually exclusive. From Loucks et. al (2017) 
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conservation will always come at the expense of flood control. Figure 1, from Loucks and Beek 
(2017), depicts reservoir storage divided between flood control and active storage (i.e. water 
conservation storage). When or where flood control is a greater priority, the storage should be 
lowered, and when or where water conservation is a greater priority, the storage should be 
allowed to rise. The degree of priority each purpose is (or should be) given depends upon the 
demands placed upon the reservoir and the expected future inflows to the reservoir. 
The trade-off between flood control and water conservation is especially acute when a 
flood is expected in the near term, but dry conditions are possible for an extended period 
following the flood. When a flood is predicted, the reservoir operator may elect to pre-release 
water from storage, thus creating more space to absorb the incoming flood. While pre-releasing 
water from storage decreases exposure to potential flooding, it also increases exposure to 
potential shortages because the incoming flood may not be large enough to completely refill the 
reservoir before the dry season. Chou and Wu (Chou and Wu 2013) illustrate these potential 
outcomes for several Typhoons in Taiwan: in most instances pre-release before typhoons 
allowed for lower peak releases, and the reservoir was still refilled; however, in one instance 
Figure 2: Left – example of a pre-release strategy for flood control which allowed for lower peak 
releases during a typhoon in Taiwan. Right – example of a pre-release strategy before an expected 
typhoon that resulted in the reservoir not being refilled because less inflow was received than 
expected. From Chou and Wu (2013). 
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much less rainfall was received than anticipated, and the reservoir entered the dry season with a 
low storage level (see Figure 2a-b).  
Ding et. al (Ding et al. 2015, 2017) provide an analytical framework for optimizing the 
trade-off between water conservation and flood risk, and Wan et. al (Wan Wenhua et al. 2016) 
build on this framework to analyze optimal pre-release considering current flood risk and water 
shortage risk in the following non-flood season. During the “refill season” analyzed by Wan et. 
al, the goal of the reservoir operator is to avoid flooding but completely refill the reservoir before 
the dry season. Wan et. al (2016) develop analytical KKT conditions which confirm economic 
intuition that the marginal benefit of water conservation should equal the (negative of) marginal 
loss due to flooding. From this relationship and several assumptions regarding the economic loss 
functions and distribution of forecast error, they derive a refill hedging rule. Applied to a case 
study of Danjiangkou reservoir in China, the refill hedging rule allows for higher end-of-season 
reservoir levels, compared with historical levels, while maintaining comparable flood risk (Wan 
Wenhua et al. 2016).  
 
How Societies Interact with Flood Control 
For many years, the response of planners to the threat of flooding has been to build 
structural flood control measures, such as levees and reservoirs. However, Tobin (Tobin 1995) 
points out that despite incredible investment in flood control measures in the United States, flood 
damages continued to rise throughout the 20th century. In fact, Tobin hypothesizes that increases 
in flood damages over the last several decades are not in spite of flood control measure at all, but 
rather, that flood control measures have been contributors to increasing flood damages. Tobin 
names this phenomenon the “levee effect” and describes how it can arise when members of a 
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society migrate into floodplains as they 
perceive a reduced risk of flooding due to 
the control measures put in place. Therefore, 
when an event occurs of great enough 
magnitude to overtop or induce failure of 
levees, far more people and structures are at 
risk. Baldassarre et al (Giuliano Di 
Baldassarre et al. 2015; G. Di Baldassarre et 
al. 2013) advanced the understanding of the 
“levee effect” by demonstrating its 
emergence from coupled processes of 
societal memory, levee heightening, and 
flood inundation in a simple conceptual 
model. In addition, Baldassarre et. al (2015) illustrate the counter-example of an “adaptation 
effect”, whereby a society without flood control measures suffers less damages from major flood 
events because its members have remained a safer distance from rivers (see Figure 1).  
While the “levee effect” has received considerable attention in recent years, little work 
(to the author’s knowledge) has been done to explicitly extend its concepts to reservoir 
construction and operation, the other major structural flood control measure. The trade-off 
between flood protection and water conservation, which is not present in the case of levee 
heightening, adds considerable complexity to the study of reservoir operation and floodplain 
development. As river-adjacent communities migrate further into floodplains, reservoir operation 
Figure 3: Top – Illustration of the “adaptation effect”, where 
communities maintain a safer distance from the river due to frequent 
flooding. Bottom – illustration of the “levee effect”, where communities 
move closer to the river following construction of flood control 
measures. From Di Baldassarre (2015). 
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could be shifted to account for the elevated potential losses, placing greater priority on flood 
control.  
Challenges in Reservoir Operations 
 Reservoir operation, both in practice and research, is applied according to event- and 
seasonal-scale rules or optimization. Droughts and floods occur within seasonal climate trends of 
wetness versus dryness (Kumar and Hoerling 1998). For this reason, reservoirs are most often 
operated at a seasonal scale, via operating rule curves which govern releases according to water 
level and time of year. An example rule curve is shown in Figure 3 from Loucks and Beek 
(2017). The example rule curve dictates that the reservoir level be kept low during the winter, 
when the risk of flooding is high, and returned to its maximum level in time for the summer, 
when risk of shortage is high. The maximum water level during the flood season is often referred 
to as the Flood-Limited Water Level (FLWL) (Liu et al. 2015). Since floods occur at the event 
scale (i.e. ranging from hourly to weekly), 
they are also managed at such a scale, as 
illustrated in Figure 2 and discussed 
above. The concept of a dynamically 
controlled FLWL, one where the FLWL is 
adjusted according to inflow uncertainty, 
connects event- and seasonal-scale flood 
management (Li et al. 2010).  
 In contrast, reservoir operation 
rarely considers processes which occur at 
greater-than-annual time scales. Processes occurring at longer time scales need to be anticipated 
Figure 4:An example reservoir rule curve, demonstrating the seasonal 
variation of the flood limited water level (blue) and levels required for 
other purposes. From Loucks et. al (2017). 
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by reservoir operators whenever they have bearing on present decisions. Yet, there is a limit on 
the useful horizon of some types of information, which may inhibit process knowledge from 
affecting present decisions. For example, You and Cai (You and Cai 2008) show that inflow 
forecasts have a limited useful horizon due to increasing uncertainty and reservoir capacity 
constraints. Furthermore, Zhao et. al (Zhao and Cai 2017) show that even perfect forecasts have 
a limited useful horizon due to reservoir capacity constraints – when a reservoir is constrained by 
it’s capacity or dead storage level, it is restricted in its ability to redistribute inflow in time. On 
the other hand, socio-economic processes (like migration into floodplains) which affect future 
benefits (such as increased flood losses, demonstrated by the “levee effect”) can be partially 
controlled by present reservoir decisions (analogous to levee heightening decisions). The 
traditional framework for reservoir operation does not anticipate socio-economic feedbacks or 
other processes occurring at long time scales. 
 Reservoir operation is, on occasion, retroactively adapted to account for shifting 
landscapes. As climate and socio-economic demands change, reservoir storage may be 
reallocated, redistributing priority between flood control and water conservation (and between 
end-uses of water conservation). Water reallocation has been widely advocated as a method of 
adaptive management for dealing with overcommitted water resources and assigning water to its 
most productive uses (Marston and Cai 2016). However, water allocation is not practiced as 
often as it is advocated. In fact, as shown in Figure 5, less than 3 percent of storage has been 
reallocated in most U.S. reservoirs. Nonetheless, even if widely applied, reallocation does not 
anticipate socioeconomic (or climatic) changes and act accordingly; rather, reallocation reacts to 
changes after they occur. Pro-active, anticipatory management may offer even greater value, or 





Figure 5: Visual display of reservoir sizes (vertical axis), the amount of storage reallocated at the reservoir (size of bubbles), and 
percent of storage reallocated (horizontal axis). From Marston et. al (2015). 
 
The Case for a Dynamic Optimization Framework 
We hypothesize that reservoir operation and floodplain development will, in many cases, 
form a positive feedback loop, illustrated in Figure 6 and consisting of the following links: when 
a reservoir is operated for flood control, the downstream flood regime is changed, increasing 
flood return periods (Chien 1985); as flooding becomes less frequent, river-adjacent 
communities are likely to move further into floodplains (Tobin 1995); and finally, as a floodplain 
develops, the potential losses due to flooding increase (Tobin 1995) and shift operating priorities 
further toward flood control. We further hypothesize that this positive feedback has bearing on 
present reservoir operation decisions. Specifically, we aim to test whether the value of 
controlling the hypothesized feedback loop is sufficient to warrant a different reservoir operation 
decision than if considering only a seasonal horizon. This study also serves as a specific example 
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of the broader potential for reservoir operation which considers socio-economic processes 
occurring at a long (greater-than-annual) time scale.  
 
Figure 6: The hypothesized positive feedback loop between reservoir operation and floodplain development. As reservoirs 
decrease flood frequency, downstream communities move closer to the river; as communities move close to the river, there 
are more potential flood damages, which shifts reservoir operation toward increased priority for flood control; as flood 
control prioritization increases, flooding becomes less frequent. 
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CHAPTER 2: CONCEPTUAL MODEL FOR COUPLED RESERVOIR OPERATION – 
FLOODPLAIN DEVELOPMENT SYSTEM 
 
Here we present a conceptual, mathematical model of a coupled reservoir operation – 
floodplain development system to demonstrate the feasibility of the hypothesized positive 
feedback loop and to generate deeper insights. Existing reservoir operation models and 
assumptions are adapted to incorporate floodplain development as a model input, and existing 
socio-hydrological models for levee-floodplain systems are adapted for a floodplain where 
reservoirs are the primary flood control measure. The model represents long-term, expected 
behavior of the coupled system, leaving transient dynamics and a more thorough treatment of 
variability to future work. 
Reservoir Operation Sub-Model: 
 Reservoir operation decisions are most affected by the amount of exposed socio-
economic development during periods where risks of flooding and shortage are both non-trivial. 
When flood risk is non-trivial but risk of future water shortages is trivial, a reservoir will be 
operated exclusively considering flood control, regardless of the amount of exposed 
development. Likewise, when risk of future water shortages is non-trivial but flood risk is trivial, 
a reservoir will be operated exclusively considering water conservation, regardless of the amount 
of exposed development. Risks of flooding and shortage commonly occur together during 
designated reservoir refill periods (end of the flood season) and in regions dependent upon a few 
events to fill reservoirs yearly (such as Typhoons, discussed previously).  
 Management of the trade-off between water conservation benefits and flood losses may 
be represented by the choice of a “flood buffer”, as described by Wan et. al (2016) and below. 
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Given an expected but uncertain inflow for an upcoming time period, the water balance for a 
reservoir is described by equation 1: 
𝑆𝑒𝑛𝑑 =  𝑆𝑏𝑒𝑔𝑖𝑛 + 𝐼 − 𝑅 
𝐼 =  𝜇𝐼 +   
𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:                                                                                    (1) 
0 ≤ 𝑆𝑒𝑛𝑑, 𝑆𝑏𝑒𝑔𝑖𝑛 ≤ 𝐾 
𝑅 ≥ 𝑉𝐸𝑛𝑣 
where Sbegin and Send are the reservoir storage volumes at the beginning and end of the upcoming 
period, which are constrained to be non-negative and less than the reservoir’s capacity, K; I is the 
inflow volume during upcoming period, which equals the expected inflow, μI, plus an error term, 
ε; and R is the released volume during the upcoming period, which must exceed the required 
environmental flow volume during the period, VEnv.  
As a potentially large inflow approaches, a reservoir operator decides the beginning 
storage level by pre-releasing water from the reservoir. In real-world operation, the range of 
feasible beginning storage levels may be constrained by the maximum pre-release rate (equal to 
the downstream river conveyance capacity in Wan et. al (2016)) or the storage level prior to pre-
release. However, the present analysis considers how floodplain development affects the optimal 
decision without respect to these specific constraints.  
Herein, flooding is assumed to occur whenever the reservoir inflow during the upcoming 
period exceeds the sum of available reservoir storage and the downstream rivers conveyance 
capacity over the period. We define the flood buffer as the maximum difference between the 
actual inflow and the expected inflow which can occur without inducing flooding in the 
downstream, following Wan et al (2016). Water shortages (define here as less than maximum 
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water availability, as opposed to demand minus supply), on the other hand, occur whenever there 
is insufficient inflow during the upcoming period to completely refill the reservoir while meeting 
the environmental flow requirement during the period. Equations 2-5 mathematically describe 
the flood buffer and the volumes of flooding or water availability in terms of the flood buffer and 
inflow error. For consistency with Di Baldassarre et. al (2015), the flood and water availability 
volumes are normalized by the reservoir capacity so that the range of water availability is [0,1] 
and, for large reservoirs, the range of flood volume is effectively [0,1]: 
𝛿 = (𝐾 − 𝑆𝑏𝑒𝑔𝑖𝑛) +  𝑉𝑅𝐶𝑎𝑝 − 𝜇𝐼                      (2) 
∆ =  𝑉𝑅𝐶𝑎𝑝 −  𝑉𝐸𝑛𝑣       (3) 
 
𝐹 =




             𝑓𝑜𝑟         ≥ 𝛿 
                                   (4) 
 
𝑊𝐴 =  𝑆𝑒𝑛𝑑 = 𝐾 − 𝑆ℎ =  
              0                   𝑓𝑜𝑟        ≤ (𝛿 − ∆) − 𝐾
         
𝐾−[(𝛿−∆)− ]
𝐾
       𝑓𝑜𝑟       (𝛿 − ∆) − 𝐾 ≤ ≤ 𝛿 − ∆
 1                  𝑓𝑜𝑟        ≥ 𝛿 − ∆
      (5) 
where δ if the flood buffer; VRCap is the downstream river conveyance capacity; ∆ is the 
difference between the downstream conveyance capacity and environmental flow requirement; F 
is the flood volume; WA is the volume of water availabile entering the next, drier period; and Sh 
is the volume of shortage entering the next, drier period. Assuming that the inflow error, i.e. the 
difference between the actual and expected inflow, follows a normal distribution with mean zero, 
the likelihoods of flooding and shortage are illustrated in Figure 7.  
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 Utilizing the above expressions for flooding and available water volumes, the benefits 
and losses of decision-inflow outcomes are formulated considering the level of socio-economic 
development in downstream floodplains. Both water conservation benefits and flood losses are 
assumed to be power functions of the volume of water availability or flooding, respectively (note 
that this is a deviation from Wan et. al (2016) and Ding et. al (2015), where flood losses are 
assumed to be constant, i.e. independent of the flood volume). Water is assumed to be allocated 
to its most productive uses first, i.e. there are diminishing marginal returns of increased water 
availability. Thus, water conservation benefits are further constrained to be a concave function of 
available water volume (see equations 6-7). Regarding flooding, studies consistently suggest that 
increasing flood depth causes diminishing marginal damages (Skaggs 1992). Thus, although 
specific floodplain topography will dictate how flood volume translates into area and depth of 
inundation, it seems unreasonable to expect a general trend of increasing marginal damages with 
respect to flood volume. We additionally assume that the flood release is a “square wave” (i.e. 
constant flow rate) so that damages are dictated by volume without consideration of the shape of 
Figure 7: The difference between actual inflow and expected inflow (inflow error, ε) is assumed to follow a normal 
distribution. When inflow error exceeds the flood buffer (δ), flooding occurs. When inflow error is less than the flood buffer 
minus the difference between the river conveyance capacity and environmental flow requirement (Δ), the reservoir is not 
entirely refilled and shortage occurs.  
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the hydrograph, following Wan et. al (2016). Therefore, flood damages are also constrained to be 
a linear or concave function of flood volume (see equations 6-7). 
 We also extend the formulation of water conservation benefits and flood losses to include 
downstream floodplain development as a model input. For the bulk of the analysis herein, we 
assume that socio-economic development in downstream floodplains affects the amount of flood 
damages but not the amount of conservation benefits. The assumption that benefits of water 
conservation for a reservoir are independent of downstream floodplain development is valid 
whenever floodplain development has insignificant net effect on the reservoir’s user base. Two 
scenarios which satisfy such a condition are 1) when the vast majority of the reservoir’s 
conservation benefits (power produced or water supplied in the dry season) are exported beyond 
the floodplains or 2) individuals and firms which migrate into floodplains do so from regions 
where they had equivalent access to the reservoir’s conservation benefits. We specifically test 
sensitivity to this assumption, allowing floodplain development to affect the reservoir’s user 
base, by reformulating conservation benefits to be a Cobb-Douglas function with inputs of both 
available water volume and total user base, with constant returns to scale (i.e. with twice as much 
water and twice as large of a user base, twice as many benefits can be produced; see equation 8) 
(Basu and Fernald 1997). In this formulation, floodplain development adds to some constant user 
base which is external to the floodplain. Regarding flooding, marginal damages are assumed to 
increase with additional development due to the combined effects of decreased permeable 
surfaces where floodwaters can infiltrate and increased property or structures exposed to 
floodwaters. Thus, flood damages are considered to be a convex power function of development. 




𝐿(𝐹, 𝐷) =  𝑐𝐿𝐷
𝑝𝐹𝑚         (6) 
𝑝 > 1, 𝑚 ≤ 1 
𝐵(𝑊𝐴) =  𝑐𝐵𝑊𝐴
𝑞         (7) 
𝑞 < 1 





𝑊𝐴𝑞            (8) 
𝑞 < 1 
where L is losses and B is benefits; cL and cB are parameters to scale relative benefits of a full 
reservoir (WA = 1, maximum water availability) versus losses due to a flood of volume equal to 
the reservoir capacity (F = 1, henceforth referred to as a “catastrophic flood”) in a fully 
developed floodplain (D = 1); p and m are the shape parameters for the damage-development and 
damage-flood volume relationships, respectively; q is the price elasticity of water; and cext is a 
parameter controlling the portion of the reservoir user base which may be located within the 
floodplain, for scenarios where floodplain development impacts water conservation benefits. 
 We define the objective of a reservoir operator to be the maximization of expected net 
benefits. The decision, or control, variable for the operator is the storage level at the beginning of 
the upcoming, high-inflow period, which may be alternatively represented by the flood buffer 
according to equation 2. For a given set of environmental, infrastructural, and economic 
parameters (those presented in equations 1-8) the optimal flood buffer decision (considering only 
one flood-dry season sequence) may be framed as a function of the downstream floodplain 
development level according to equations 9 and 10: 
𝛿∗ = arg {max
𝛿
𝐸[𝐵(𝑊𝐴) − 𝐿(𝐹, 𝐷)]}    (9) 
𝐸[𝐵(𝑊𝐴) − 𝐿(𝐹, 𝐷)] = ∫ [𝐵(𝑊𝐴) − 𝐿(𝐹, 𝐷)]𝑓( )𝑑
∞
−∞
       (10) 
17 
 
















𝑝 { ∫ 0 ∗ 𝑓( )𝑑
𝛿
−∞









where f(ε) is the probability distribution function of inflow error, assumed to be normally 
distributed with mean zero. While flood inflow error may not indeed be normally distributed in 
application (Zhang et al. 2015; Montanari and Grossi n.d.), we accept that it is for simplicity and 
the following convenience: as demonstrated by Wan et. al (2016), if inflow error is normally 
distributed and does not vary with the size of expected inflow, then the optimal flood buffer 
decision is independent of the expected inflow volume. Higher expected inflows do indeed 
correspond with lower optimal beginning storage levels, but these factors exactly offset and 
result in a constant optimal flood buffer according to equation 2. This insight, interpreted 
graphically using Figure 7, results from the fact that the optimal flood buffer decision locates the 
thresholds for shortage and flooding (considering the weights of the right and left tails of 
possible inflow outcomes, as determined by economic parameters) relative to the expected 
inflow. This feature is convenient for the purposes of this study, allowing for year-to-year 
decisions to be a function of development and constant parameters, not the size of particular 
expected events (assuming that uncertainty is constant across events). Therefore, analysis of the 
flood buffer decision may be more aptly coupled with the year-over-year dynamics of floodplain 
development, as compared to representing operation via the beginning storage directly. 
Floodplain Development Sub-Model 
 We conceptualize floodplain development as being driven by logistic growth toward an 
economic carrying capacity, which is modified by ongoing flooding, subject to emigration in 
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response to specific flood events, following the conceptual basis of the Baldassarre et. al model 
(2015). In the Baldassarre et. al model (2015), relative population grows exponentially subject to 
saturation effects (i.e. logistic growth) and instantaneous jumps of population decrease in 
response to specific flood events, as in equation 11. The saturation effects are modulated by the 
river-adjacent society’s “flood memory”, which increases by instantaneous jumps in response to 
specific flood events and is subject to exponential decay, as in equation 12.  
𝑑𝐷
𝑑𝑡
= 𝜌𝐷(1 − 𝐷(1 + 𝛼𝐷𝑀)) − ∆(𝜑(𝑡)) ∙ 𝐹𝐷−   (11) 
𝑑𝑀
𝑑𝑡
= ∆(𝜑(𝑡)) ∙ 𝐹𝐷− − 𝜇𝑆𝑀     (12) 
where ρD is the maximum relative growth rate, αD is the ratio of preparedness/awareness, μS is 
the memory loss rate, ∆(𝜑(𝑡)) is a Dirac comb with integral equal to one at times of flooding, 
and D- indicates the development immediately prior to a flood event (Giuliano Di Baldassarre et 
al. 2015).  
In order to analyze long-term system dynamics and provide further conceptual clarity, the 
Baldassarre et. al model is adapted in multiple ways, while preserving its conceptual grounding. 
We note that the (1+αDM) term in equation 11 may be considered the inverse of the carrying 
capacity in a traditional expression of logistic growth. In addition, over long time periods with 
constant management, the [∆(𝜑(𝑡)) ∙ 𝐹𝐷−] term may be deconstructed into an average (or trend) 
and a random contribution. Lastly, we formulate spontaneous changes in development and 
memory as proportional to flooding (volume) rather than flood losses (the product of flood 
volume and current development) as in equations 11 and 12. We assert that this final change is 
more reasonable than that of Baldassarre et. al (2015) since communities are likely to exercise 
caution before moving into any perceived flood-prone area, even if (perhaps even more so when) 
the area is not yet developed. Though lack of current development reduces economic saturation 
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effects and therefore increases the relative rate of development, it is unlikely to lead communities 
to believe the area is safe from flooding. Considering these adaptations, equation 11 is 
reformulated as in equations 13 and 14: 
𝑑𝐷 =  𝑘𝐸 (1 −
𝐷
𝐶𝐶







𝜇𝐹) − 𝐷) 𝑑𝑡 − 𝐹𝑑𝑡         (13b) 
𝐶𝐶 =  
1
1+𝑘𝑀𝑀
       (14) 
where CC is the carrying capacity; μF is the long-term average flood volume (which, by the law 
of large numbers, approaches the expected value of flood volume and may be calculated given 
the inflow uncertainty and flood buffer decision using equation 4); εF is the random contribution 
to flooding with mean zero; kE (analogous to ρD) and kF are the relative rates of development 
growth or decline resulting from the economic incentive to be near the river and emigration 
following flooding; and kM (analogous to αD) is a parameter dictating the degree to which the 
history of flooding subdues economic incentive for being near the river, expressed via the 
carrying capacity. Note that, in this framework, reservoir operation and resultant flood outcomes 
(or expected outcomes) exert control on the development level through immediate emigration 
and, more slowly, through accrued memory which subdues the economic attractiveness of 
proximity to the river. As shown in equation 13b, the effects of the mean and random elements 
of flooding may be separated and the mean effect gathered with the logistic growth term to 
express the expected dynamics of the floodplain. 
 An important characteristic of the floodplain development dynamics is when, if ever, the 
development is expected to remain approximately steady over a long time horizon. Rearranging 
and taking the expected value of equation 13b yields equation 15 and the no-net-development 
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𝜇𝐹)               (16b) 
where the expected value of flood memory may be calculated as a function of the expected 
flooding and the memory decay rate, as described below. Note that, as is the case for traditional 
logistic growth, when the development level exceeds the zero-net-expected-development level in 
equation 16, the development level is expected to decrease; on the other hand, when the 
development level is below to zero-net-expected-development level, the development level is 
expected to increase. Therefore, the development level which satisfies equation 16 is an 
attractive equilibrium. Equations 17-19 present, respectively, the memory at time T according to 
equation 12  and applied to a discrete series of equally spaced potential flood events (as is the 
case for a seasonal decision such as reservoir refill); the expected value of memory at time T 
assuming a constant flood buffer decision, inflow uncertainty, and parameters for all potential 
flood events; and the expected value of memory as length of history becomes very large: 







𝑛=1     (17) 
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−𝑘𝑆𝑇    (18b) 
lim
𝑇→∞
𝐸[𝑀(𝑇)] = 𝜇𝐹 (
1
1−𝑒−𝑘𝑆
)     (19) 
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where Fn is the flooding in time period n and kS is the rate of memory loss (analogous to μS in 
Baldassarre et. al (2015)). Substituting equation 19 into equation 16 yields the development level 
at which no net development change is expected, over a long horizon and for a constant flood 















𝜇𝐹(𝛿, 𝜎𝐼))   (20) 
Coupled Reservoir Operation – Floodplain Development Model 
 Equations 9 and 10 provide a framework to analyze how floodplain development affects 
optimal management of the trade-off between flood control and water conservation at an 
upstream reservoir, as well effects on expected net benefits. Meanwhile, equation 20 provides a 
framework to analyze how long-term application of a management strategy is expected to affect 
the direction of and equilibrium level of floodplain development. Together, these equations form 
a model to investigate how current reservoir operation decisions may feedback through 
floodplain development to affect future reservoir operation decisions and net benefits received 
from future decisions. 
Note that the above formulation treats the floodplain as responding exclusively to the 
flood buffer decision, which is relevant only to the season where flood control and water 
conservation are both active priorities. Particularly, given the above formulation, the flood buffer 
decision is not directly applicable to scenarios where the reservoir does not need to be 
completely refilled at the end of the upcoming high-inflow period, though it should be expected 
to serve as a general indicator of conservation vs. flood control priorities. However, flooding 
may occur outside of the domain where water conservation is necessary, and these floods should 
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be expected to affect development as well. This model limitation could be addressed, at least 




CHAPTER 3: ANALYSIS AND INTERPRETATIONS OF THE COUPLED RESERVOIR 
OPERATION – FLOODPLAIN DEVELOPMENT MODEL 
  
This chapter is organized into three sections: first, we employ the conceptual model 
developed above to demonstrate the general effect of feedbacks from floodplain development on 
reservoir operation; next we test and interpret the sensitivity of this general effect to various 
model parameters and assumptions; finally, we demonstrate and discuss the possible implications 
of model results for coupled reservoir-floodplain management.  
Demonstration of Coupled System Outcomes 
 The coupled model is applied using the parameter values shown in Table 1. References 
are provided for several social or economic parameters, and the sensitivity to all parameters is 
Parameter Description Units Value Sensitivity Test Range References or notes
K Reservoir capacity 106 m3 100
Venv
Environmental flow requirement over 
the upcoming period 106 m3 5 0-10 Tested sensitivity to Δ=VRCap-Venv
VRCap
River conveyance capacity over the 
upcoming period 106 m3 30 - Tested sensitivity to Δ=VRCap-Venv
μI







Standard deviation of inflow during the 
upcoming period 106 m3 15 10-20
CB Maximum benefits of water availability 10
9
 USD 1 - NOAA NCEI. Tested sensitivity to CL/CB
CL
Damages in fully developed floodplain 
due to flood volume equal to reservoir 109 USD 3 1-5 NOAA NCEI. Tested sensitivity to CL/CB
Cext
Cext/(Cext+1) = the fraction of water 
conservation benefits realized outside 
the downstream floodplains, when the 
floodplain is fully developed [-] - 0.25 - 4
Not included in base scenario. Base 
scenario is simiilar to Cext=4
m
Shape factor for flood damages-volume 
relationship [-] 0.5 0.25-0.75
p 
Shape factor for flood damages-
development relationship [-] 1.5 1.0-2.0
q Price elasticity of water [-] 0.5 0.25-0.75
kE 
Maximum relative growth rate due to 
economic incentive to be near river yr
-1
0.03 -
Baldassarre et. al (2015). Tested 
sensitivity to KF/KE
kF Emmigration rate due to flood events yr
-1 0.3 0.15-0.45 Tested sensitivity to KF/KE
kM 
Flood apprehensiveness - how flood 
memory translates to reduced carrying 
capacity/economic incentive to move 
near river yr
-1
5 3-7 Baldassarre et. al (2015)
kS Memory loss rate yr
-1
0.1 0.025-0.40 Baldassarre et. al (2015)
List of Parameters
Table 1: Parameters for demonstrating the coupled reservoir operation – floodplain development model. 
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tested in the next section. Figure 8 shows the expected benefits, losses, and net benefits with 
respect to the flood buffer decision, when the floodplain development level, D, is 0.50. The 
horizontal axis has domain [-20, 80]*106 m3, encompassing all feasible beginning storage 
decisions ranging from a completely full to completely empty reservoir for this set of parameters 
(as do all further figures displaying flood buffer). To no surprise, the expected water  
conservation benefits decrease monotonically with increasing flood buffer (i.e. decreasing 
beginning storage); the expected flood damages decrease monotonically with increasing flood 
buffer; and the net benefit is a concave function with a maximum at some intermediate flood 
buffer decision (here, approximately 22*106 m3). 
 Figure 9 shows the effect of the floodplain development level on expected net benefits 
and the optimal operation decision. Since, as dictated in equation 7, development has no effect 
on the benefits of water availability, the net benefit curves converge at high values of flood 
buffer, where expected flood losses approach zero. In contrast, the expected net benefits diverge 
greatly at low values of flood buffer, where expected flood losses are large. It is visually evident 
in Figure 9 that, as the development level increase, the maximum expected net benefits decreases 
Figure 8: The expected benefits, losses, and net benefits for the full range of possible flood buffer decisions (for the scenario with 
parameters as in Table 1). The maximum net benefits are achieve by an intermediate flood buffer of approximately 22 x 106 m3 
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and the corresponding optimal flood buffer increases. For instance, the optimal flood buffer 
decision at D=0.30 is approximately 17*106 m3 while the optimal flood buffer decision at 
D=0.70 is approximately 24*106 m3. This trend demonstrates one link in the hypothesized 
positive feedback loop – increasing development levels lead to increased priority for flood 
control and therefore decreased priority for water conservation. 
 The optimal flood buffer decision is determined for all feasible development levels (the 
interval [0, 1] corresponding with the range from no development to completely saturated with 
development) to create the blue curve in Figure 10. The red curve in Figure 10 shows, for every 
value of flood buffer, the development level at which no long-term net change in development is 
expected (i.e. the E[dD/dt] = 0 isocline, or steady development isocline). The optimal flood 
buffer decision curve takes the development level as an input and maps to the reservoir operation 
decision according to equation 9, while the development level isocline takes the reservoir 
operation decision (flood buffer) as an input and maps to a development level according to 
equation 20. Since the net benefit from the reservoir is a concave function, the net benefits may 
always be improved by moving the flood buffer decision closer to its optimal value at a given 
Figure 9: The net benefits achieved for the range of flood buffer decisions, but at various development levels. As the 
development level increases, the optimal flood buffer decision increases and the expected net benefits decrease. 
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development level, indicated by the blue arrows in Figure 10. Similarly, since the steady 
development level is an attractive equilibrium for a given flood buffer decision, the development 
level will tend toward the isocline in Figure 10, as indicated by the red arrows. If the reservoir is 
always operated optimally considering the current development level, Figure 10 may be 
interpreted similarly to a phase plane, demonstrating the equilibriums and direction of evolution 
of the coupled reservoir-floodplain system. Under such a condition, the system in Figure 10 has 
two equilibrium points: one attractive equilibrium at a high development level and flood buffer 
decision, and one repelling equilibrium at low development level and flood buffer decision. 
Thus, from most initial conditions, this system would be expected to evolve toward a highly 
developed flood plain and a reservoir which is operated predominantly considering flood control 
when in conflict with water conservation. For a small set of initial conditions with a very low 
development level and flood buffer decision, the system would be expected to evolve toward 
Figure 10: The expected evolution of the coupled reservoir operation – floodplain development system as illustrated by the 
optimal decision curve and steady development isocline. The optimal decision curve indicates the optimal flood buffer 
according to the level of development. The stead development isocline indicates the development at which zero net-growth 
is expected, according to the flood buffer decision. The arrows indicate the direction of improving expected benefits (blue) 
and expected development change (red). 
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zero development and operating solely for water conservation, even when floodwaters are 
expected.  
 Figure 10 also illustrates a few useful qualitative characteristics about the systems 
sensitivity. Observing the blue, optimal-flood-buffer line, the optimal flood buffer is relatively 
insensitive to changes in development at higher development levels (i.e. the line has less slope at 
high development levels). This characteristic results from the fact that, when the flood buffer is 
high, flood likelihood is already very low and only decreases slightly by increasing the flood 
buffer, while the shortage likelihood increases dramatically (visualize using Figure 7). This 
relative insensitivity indicates that the reservoir operation system becomes relatively stable once 
a certain level of development is reached. On the other hand, the steady development level is 
most sensitive to changes in flood buffer decision at moderate flood buffer values (~ 0-25 * 106 
m3, where the isocline is flattest), is slightly less sensitive at low flood buffers (this characteristic 
emerges even more in sensitivity analysis, below), and is very insensitive at high flood buffers. 
Taking both directions of interaction into account, these sensitivities indicate that the coupled 
reservoir-floodplain system will change most rapidly when the reservoir employs a moderate 
flood buffer and the floodplain has a low-to-moderate development level. 
Sensitivity of Results to Parameters and Assumptions 
 We test the conceptual model above for sensitivity to the model assumptions and 
parameters. Reservoir operation in particular is known to be sensitive to forecast error and loss 
functions, necessitating sensitivity analysis (Datta and Burgess, 1984). Most parameters or 
assumptions affect either the optimal flood buffer curve or the steady development isocline, 
rather than both. In such cases, we test sensitivity of the relevant curve and interpret the 
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sensitivity for its effect on the coupled system. In the case where the parameter affects both 
curves, we show the sensitivity results together.  
Sensitivity of Reservoir Operation: 
 Figure 11 shows the sensitivity of the optimal flood buffer curve to the set of parameters 
involved in its calculation. The scale factors of flood losses and conservation benefits only affect 
the optimal flood buffer via their relative values (see equation 10), as do the river conveyance 
capacity and environmental flow requirement (see equation 3). For sensitivity to the nonlinearity 
of flood damage with respect to increasing development (parameter p), the parameter cL is scaled 
so that the damages at D=0.10 are equal, and thus, damages increase with increasing non-
linearity for development levels above D=0.10. Since increasing p (the non-linearity) is meant to 
represent increasing effects of impermeable surfaces, and D=[0, 1], this adjustment is necessary 
to ensure that damages increase with increasing p. D=0.10 is arbitrarily chosen as a reference 
point so that damage values vary reasonably with p. This method of implementation is akin to 
assuming that damage-development non-linearities do not begin until a threshold level of 
development, below which the reduction of permeable surfaces has negligible effect on flood 
processes. 
 The general nature of the optimal flood buffer curve does not change in response to 
varying any of the parameters in Figure 11. In all cases, the optimal flood buffer is highly 
sensitive to changes in development at low development levels but relatively insensitive to 
changes in development at high development levels. When increasing a parameter value shifts 
the optimal flood buffer curve upward, the expected equilibrium of the coupled system will shift 
toward higher development and optimal flood buffer. Briefly covering the tests case-by-case:  
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As the elasticity of water prices increases (q decreases), i.e. the benefits of water 
conversation are more concentrated in the first water users, it is beneficial to increase the amount 
of flood buffer. For development levels above D=0.10, the optimal flood buffer curve is 
translated upward by an approximately constant amount. This trend shows that when water is a 
more elastic good, small shortages incur very small losses; as long as major shortages can be 
avoided, the flood buffer may be increased to increase net benefits. 
As the shape factor for the volume-damage curve (m) increases, i.e. the marginal damage 
of additional flood water becomes more constant rather than most damages being incurred by the 
first units of flood water, it is beneficial decrease the flood buffer. Again, for development levels 
above D=0.10, the optimal flood buffer curve is translated upward by an approximately constant 
Figure 11: Sensitivity of the optimal flood buffer curve to variation of parameters. From top-to-bottom, beginning with the left column: 
sensitivity to the elastic of water prices, the shape factor of the volume-damage relationship, the shape factor of the development-damage 
relationship, the relative scale of losses from a catastrophic flood to benefits from a full reservoir, and the difference between the 
downstream conveyance capacity and environmental flow requirement.  
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amount.  This trend shows that since some flood damages are not incurred until larger volumes 
of floods, small flood are less damaging and do not need to be given as much priority. 
As the shape factor for the development damage curve (p) increase, i.e. decreasing 
permeable surfaces associated with development have great effect on flood damages, it is 
beneficial to increase the flood buffer. Here, the difference between optimal flood buffer 
according to shape factor does not become constant but continues to grow with increasing 
development. For higher values of non-linearity, the optimal flood buffer does not become as 
insensitive to changes in development at high development levels. The escalating effects of 
additional development cause the optimal flood buffer to be pushed higher even at already high 
development levels, rather than the optimal flood buffer leveling off somewhat. Although floods 
are already extremely unlikely at high flood buffer levels and can only become slightly less 
likely by increasing the flood buffer further, the marginal damage of a flood increases so greatly 
with development at high development levels (due to the high non-linearity) that increasing the 
flood buffer is warranted. Therefore, when the damage-development relationship is highly non-
linear (decreased permeable surfaces multiply the effect of increased exposed property as 
development increases), there is no threshold level of development where reservoir operation 
becomes mostly stable. 
As the scale of catastrophic flood losses (cL) relative to maximum water conservation 
benefits (cB) increases, it is beneficial to increase the flood buffer. Again, for development levels 
above D=0.10, the optimal flood buffer curve is translated upward by an approximately constant 
amount. This trend shows that when floods are relatively more costly than water conservation is 
beneficial, more priority should be given to flood control, as expected. 
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As the downstream river’s conveyance capacity increases relative to the river’s 
environmental flow requirement (Δ increases), it is beneficial to increase the flood buffer. This 
characteristic results from there being a wider range of flow outcomes which end in a fully 
refilled reservoir and no flooding (a wider gap between the shortage and flooding thresholds in 
Figure 7). However, the increase of optimal flood buffer with Δ should not necessarily be 
interpreted as increased priority for flood buffer: the optimal flood buffer increases by less than 
Δ, therefore shortage is also less likely. 
 We test two assumptions regarding the optimal flood buffer decision – 1) that the benefits 
of water availability are independent of the floodplain development level and 2) that the actual 
inflow in the upcoming period has a normal probability density function centered about the 
expected inflow. We test the first assumption by changing the water availability benefits function 
from that in equation 7 to that in equation 8 – a Cobb-Douglas function with constant returns to 
scale. Equation 8 approaches equation 7 for large values of cext, i.e. when most of the reservoir 
water conservation benefits are exported outside the floodplain. In Figure 12, the cext=4 curve is 
nearly identical to the base scenario curve in Figure 10. When more of the benefits are obtained  
Figure 12: Sensitivity of the optimal flood buffer curve to the assumption that development does not affect conservation benefits, 
and to how much development affects conservation benefits. 
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within the floodplain (cext is smaller) and the development level is low, it is beneficial to increase  
the flood buffer because the water conservation benefits are limited by the undeveloped state of 
the reservoir user base. We test the second assumption be changing the probability distribution of 
the actual inflow to be log-normal. The new log-normal distribution is parameterized so that the 
mean and variance of the inflow are identical to the normally distributed case. A log-normal 
distribution may be more reasonable since it is unclear whether forecast error is normally 
distributed (Zhang et al. 2015) and actual inflows are typically log-normally distributed  
(Stedinger 1980; Vogel and Wilson 1996). When assuming a log-normal distribution for inflow, 
the optimal flood buffer curve is more linear, as seen in Figure 13. For the log-normally 
distributed inflow, the optimal flood buffer is considerably less sensitive (shallower slope) to 
development at low development levels, but slightly more sensitive (steeper slope) at high 
development levels. The optimal flood buffer is higher at low development levels, likely because 
extremely low flows are very unlikely with the log-normal distribution. One potentially 
important implication of the higher flood buffer (and lower sensitivity) at low development 
levels, is that the coupled system may not have
  





the second, unstable equilibrium seen in Figure 10. If so, then all initial conditions would  
evolve to the high development – high flood buffer, attractive equilibrium.  
Sensitivity of Steady Development Isocline: 
 Figure 14 shows the sensitivity of the steady development isocline to the set of 
parameters involved in its calculation. In cases where the steady development level increases (the 
isocline shifts to the right), the stable equilibrium of the coupled system will shift toward higher 
development and higher flood buffer. Though the general shape of the isocline is preserved 
throughout, each parameter has a unique effect on the isocline, which we discuss case-by-case: 
 As the rate of memory loss increases (KS), the steady development level increases for 
given flood buffers (the isocline shifts to the right in Figure 14). For very slow memory loss rates 
(small KS), the isocline’s first inflection point (at lower flood buffer) is accentuated and the 
steady development level becomes less sensitive at low flood buffers (more vertical isocline). 
Viewing Figures 10 and 14 together, for the coupled system, a slower memory loss rate will 
cause the repelling, low-development equilibrium to occur at a higher development level. Thus, 
more initial conditions would evolve toward zero-development and operation solely for water 
conservation. For some systems, slow memory loss rates may even shift the dynamics such that 
all initial conditions evolve toward zero-development (if the isocline is above the optimal flood 
buffer curve and they never intersect). Societies which forget floods faster are more likely to 
develop floodplains and to develop them more for a given reservoir operation strategy. 
 Increasing the societal awareness effect, or the deterioration of the long-term, economic 
carrying capacity in response to a history of flooding, (KM) only slightly decreases the steady 
development level. The slow feedback of flood history on the economic incentive to be near the 
river has relatively little effect on floodplain development. 
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 Increasing the rate of emigration following specific flood events (KF), relative to 
immigration driven by the economic incentive to be close to the river (KE), has a distinct affect 
depending on the value of the flood buffer. For low flood buffers, increasing KF/KE decreases the 
steady development level but increases the sensitivity of the steady development level to changes 
in flood buffer. For moderate-to-high flood buffers, increasing KF/KE has a negligible effect. 
Thus, for the coupled system, the repelling, low-development equilibrium level will move 
toward a higher development level and flood buffer (causing more initial conditions to move 
toward zero-development) but the stable equilibrium will not be significantly affected. 
Therefore, a society that tends to move out of floodplains in large numbers following floods is 
more likely to leave a floodplain entirely undeveloped, but once a certain threshold of 
development is surpassed, is expected to reach the same level of development as a less 
responsive society. 
 
Figure 14: Sensitivity of the stead development isocline to various parameters. From top to bottom, beginning with the left column: 
sensitivity to the rate of memory loss, the deterioration of economic carrying capacity due to flooding (or “awareness”), and the 
relative rates of instantaneous emigration following a flood to maximum relative immigration due to the economic incentive to be 
close to the river. 
35 
 
Sensitivity of System to Inflow Uncertainty: 
 Figure 15 shows the effects of inflow uncertainty on both the optimal flood buffer 
decision and steady development isocline. With increased inflow uncertainty, steady 
development levels decrease (the isocline shifts left), particularly at moderate-to-high flood 
buffer levels. Less individuals and firms move into the floodplain when inflow has greater 
uncertainty because it is more difficult to effectively control flooding.  
With increased inflow uncertainty the optimal flood buffer changes more gradually but 
persistently with the development level. At low levels of development, the optimal flood buffer 
is less sensitive to changes in development when inflow uncertainty is higher. However, with the 
higher inflow uncertainty, the sensitivity of the flood buffer to changing develop does not drop 
off as severely at high development levels – the optimal flood buffer curve does not flatten out as 
much. Because the likely range of inflow outcomes is greater when uncertainty is greater, the 
range of optimal flood buffer decisions is also greater. Thus, development of the floodplain can 
cause especially dramatic shifts from prioritizing water conservation to flood control. 
Figure 15: Sensitivity of the optimal flood buffer curve and steady development isocline to inflow uncertainty.  
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Overall, when inflow uncertainty is high, the two equilibrium states of the couple 
reservoir-floodplain system each shift toward more moderate development levels and higher 
flood buffer levels. Because the repelling, low-development equilibrium moves toward higher 
development and flood buffer levels (though only slightly), more initial conditions can lead to 
the system evolving toward zero-development. The attractive, high-development equilibrium 
shifts more dramatically – from (D, δ) = (.97, 21*106) to (.72, 33*106). Thus, when inflow 
uncertainty is great, a reservoir-floodplain system is not expected to become as saturated with 
development and is expected to move to heavy prioritization of flood control.  
Summary of Sensitivity Analysis: 
 This set of sensitivity tests provides the following meaningful insights: 
1) If the reservoir is operated optimally considering the current flood-dry season sequence 
and level of development, the coupled reservoir-floodplain is expected to evolve to a 
high-development, high-flood-buffer state. This phenomenon could result in reservoirs 
being operated with greater priority on flood control, and less on water conservation, than 
originally intended in their design stage. This system characteristic seems robust to most 
possible parameterizations and reasonable assumptions. 
2) If the marginal damage is nearly constant relative to increasing development, there is a 
threshold development level beyond which the optimal reservoir operation decision is 
relatively stable (changes slowly). However, if the marginal damage increases with 
development due to impermeable surfaces multiplying the effect of increasing exposed 
property, then the optimal reservoir operation never becomes relatively stable. 
3) Most reservoir-floodplain systems have a small possibility of evolving to a zero-
development state where the reservoir is operated solely for water conservation, 
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depending on the initial conditions. Thus, water conservation reservoirs constructed in 
very undeveloped areas may not be as susceptible to shifting demands caused by 
floodplain development. 
4) Increasing inflow uncertainty or decreasing the memory loss rate can dramatically reduce 
the expected end-point of floodplain development and increase the expected ending-level 
of the optimal flood buffer. 
Implications for Management Trajectory 
 Since the qualitative character of the coupled reservoir-floodplain system seems robust to 
the model assumptions and varying parameters, we investigate the possible implications of the 
model, particularly for reservoir management. Figure 16 shows the expected net benefits 
according to the flood buffer decision at different development levels, as in Figure 9. In addition, 
the blue line shows the expected net benefits of the optimal flood buffer decision (considering 
only the current flood-dry season sequence; implied throughout further discussion) for 
development levels from zero to one, i.e. NBexp(D, δ*). Note, for clarity, that the blue line passes 
through the maxima of the net benefit curves for each development level. The red line in Figure 
16 shows, for each development level, the expected net benefits of the flood buffer decision 
which is expected to yield no net, long-term change in the development level, i.e. NBexp(D, 
δdD/dt=0).  
For example, at a development level D=0.30, the optimal flood buffer decision is 
approximately 18*106 m3 and the associated expected net benefits is approximately 970 million 
USD. However, as shown in Figure 10, if the optimal flood buffer is used in an ongoing manner, 
the system is expected to eventually evolve to a development level D=0.88, where the optimal 
flood buffer decision would be approximately 27*106 m3. At this development level and flood 
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buffer decision, the expected net benefit is approximately 940 million USD (just above where the 
blue, optimal flood buffer curve, intersects the D=0.90 net benefits curve) The flood buffer 
decision which is expected to maintain the development level at D=0.30 is approximately 8*106 
m3 and the associated expected net benefits is approximately 955 million USD.  
As shown by the example above, choosing the lower, steady-development flood buffer is 
expected to yield less benefits for the immediate flood-dry season sequence. However, as time 
goes on, operating the reservoir to optimize the net benefits of the current sequence will ultimately 
lead to a higher development level, at which less net benefits can be achieved than if the steady-
development decision had been made. This comparison demonstrates that choosing a lower flood 
buffer, and thereby allowing more flooding, can provide value by disincentivizing movement into 
the floodplain, and therefore allowing for more net benefits in the future. From another perspective, 
there is less value to flood prevention than indicated by an analysis which ignores floodplain 
development dynamics, because flood prevention promotes floodplain development and 
undermines future net benefits. Whether choosing such a lower flood buffer which subdues 
floodplain development provides more net benefits over the horizon of a planner would depend on 
the rate at which the floodplain develops and how much future benefits are discounted (both 
beyond the scope of this thesis, but intended future work). Nonetheless, it is clear that allowing 
flooding now provides value by subduing floodplain development, and it is plausible that the 




Figure 16: Comparison of the net benefits of reservoir operation according to the optimal flood buffer considering only seasonal scale net 
benefits (blue) and the flood buffer which maintains long-term steady development. For a given development level (black), the intersection 
with the blue line indicates the optimal flood buffer choice and the corresponding expected net benefits, while the intersection with the red 
line indicates the flood buffer which is expected to maintain a steady development level and the corresponding expected net benefits. The 
net benefits of the steady development buffer are necessarily less than those for the optimal buffer (considering a seasonal horizon) at the 
same development level. However, notably, if the development is promoted (a flood buffer above the steady development buffer is chosen), 
future expected net benefits will decrease, perhaps even below the expected net benefits of the steady development buffer decision at the 
initial development level. 
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CHAPTER 4: CASE STUDY OF THE SHASTA DAM 
  
In this chapter, we investigate whether there is statistical evidence for the existence of the 
reservoir operation-flood plain development feedback loop through a case study of the Shasta 
Dam and Redding, California. Given that the societal response to reduced flood frequency 
should be nearly identical regardless of what measure is employed to reduce flooding, we focus 
on the link from flood plain development to reservoir operation. Specifically, our hypothesis for 
this chapter is that the flood regime for Redding, CA changes in response to the city’s 
socioeconomic development, due to mediation of inflows by the Shasta Dam, located upstream. 
In the remaining portion of this chapter, we describe the case study area and employed statistical 
methods, show and discuss results of the statistical case study, and make conclusions regarding 
the broader implications, or lack thereof, of this study. 
 
Methodology: 
Shasta Dam-Redding, CA Case Study Area: 
 The Shasta Dam, located along the Sacramento River in California’s northern Central 
Valley (see Figure 17), was chosen as the case study area for this investigation. Construction of 
the Shasta Dam was completed in 1945 under the jurisdiction of the U.S. Bureau of Reclamation 
(USBR 2017). While there are some inconsistencies in reporting, most sources claim that the 
dam was constructed with the purposes of flood control, domestic water supply, and irrigation 
water supply (USBR, 2017; USACE, 2017). Inflows to the Shasta dam result from runoff and 
baseflow in the mountainous Shasta-Trinity National Forest, and outflows continue southward to 





Figure 17: The Shasta Dam (pictured bottom-right, image taken from U.S. Bureau of Reclamation, 2017) was constructed in 
1945, impounding the Sacramento River and creating Shasta Lake (pictured top-right, image taken from NASA earth 
observatory, 2017). Located in the northern Central Valley of California (left), the dam serves flood control, domestic water 
supply, irrigation, and hydropower purposes. Redding, CA, a small city located approximately 10 miles downstream of the 
Shasta Dam, is included in this case study to analyze socioeconomic development. 
 
The Shasta Dam possesses several qualities which make it a good case study for the 
operation-development feedback phenomenon. First, inflows to the Shasta Dam are unregulated; 
therefore, outflows from Shasta Dam may be considered solely the result of environmental 
variance and the operation of Shasta Dam (assuming the effects of upstream land cover change 
are negligible – a reasonable assumption considering the upstream watershed is mountainous and 
a national forest), not of any upstream dams. Second, there is a long history of streamflows both 
upstream and downstream of the Shasta Dam. Daily streamflow and annual peak flow data 
dating back to the year 1911 were obtained for this study from the USGS streamflow database 
(USGS 2017). As such, 35 years of data were available which preceded the completion of 
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construction of the Shasta Dam, as well as 70 years following completion. Third, trade-offs 
between flood control and flood water conservation are clearly relevant at the Shasta Dam. This 
trade-off reality is highlighted by the very low and very high storage levels in recent history, 
illustrating that shortage and flooding are both real possibilities: near the end of the 2012-2015 
drought in California, reservoir storage dropped to 29% of its capacity severely limiting water 
supply and hydropower production (NASA 2017B); however, soon after, following the wet 
winter of 2016-2017, reservoir levels rose so high that water had to be spilled from the dam’s 
topmost gates (Serna, 2017). Finally, Shasta Dam is immediately upstream of a small city, 
Redding, CA, so the city’s flood regime is likely to be dominated by the outflows from the dam. 
In fact, the drainage area of the Sacramento River at Redding, CA is only 1.8% greater than that 
at the Shasta Dam, so nearly all flow at Redding comes from the Dam (USGS 2017). This 
relationship would seem to increase the likelihood that Redding’s socioeconomic development 
may be a factor in the operation of Shasta Dam. Overall, Shasta Dam and the city of Redding 
seem to have the necessary data and environmental setting for this study. 
 
Statistical Methods: 
 The Sacramento River system, extending from the location of Shasta Dam to the city of 
Redding, may be represented by the diagram shown in Figure 18.  For this study, the element of 
interest is the river system, and particularly how it mediates the translation of flow at the Shasta 
Dam into flow at the city of Redding. In this language, the question addressed in this study is, 
“Does the way in which the river system translates flow from Shasta to Redding change in 
response to socioeconomic development at Redding?” Further, we assume that the natural 
elements of the river system between Shasta and Redding do not change significantly; therefore, 
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Figure 18: Flow at the city of Redding is the output of the Sacramento River system given inputs of flow at the Shasta Dam and 
flow entering the river between the dam and the city. 
The system and flows shown in Figure 18 may be estimated statistically by the following 
linear model (among many other models which could be built) (Qian 2003): 
𝑄𝑅𝑒𝑑𝑑𝑖𝑛𝑔 = 𝛽0 + 𝛽1𝑄𝑆ℎ𝑎𝑠𝑡𝑎 + 𝛽2𝑄𝐵𝑒𝑡𝑤𝑒𝑒𝑛 +    (21) 
where Q indicates streamflow (or contribution to streamflow for “between” Shasta and Redding), 
the subscripts indicate location, β are regression coefficients, and ε is the error in the model. 
However, since measurements are not available for the streamflow contribution between Shasta 
and Redding, the QBetween term is omitted in this analysis. The resulting linear model is shown in 
equation 22: 
𝑄𝑅𝑒𝑑𝑑𝑖𝑛𝑔 = 𝛽0 + 𝛽1𝑄𝑆ℎ𝑎𝑠𝑡𝑎 +     (22) 
Additionally, for this study linear regressions are conducted on the log-transformed flows to 
achieve a more normal distribution (for brevity, and because log-transforming is standard 
practice in hydrology, validation of log-normality is not included in this report). In this linear 
model, the β1 regression coefficient represents how the river system translates flow from Shasta 
to Redding. Specifically, β1 describes how the river system either multiplies or dampens the 
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variance in the Shasta flow as it travels to Redding. The error term in the model captures the 
aggregate impact of many environmental variables, including the flow contribution from 
between Shasta and Redding (though, to the degree to which said flow contribution is collinear 
with flow at Shasta, the “between” flow contribution will also be embedded within β1). 
Therefore, any change to the linear model, generally, or the β1 regression slope coefficient, in 
particular, suggests that the operation of Shasta Dam changed. In this study, a change to the 
flood regime at Redding in response to its socioeconomic development is not of interest; for, the 
flood regime could change merely due to environmental factors. Thus, this study focuses on 
testing for changes to the linear model itself, not the flood statistics themselves. 
 For simplicity, socioeconomic development is represented solely by population in this 
study. While many other metrics for development exist, and may indeed be better indicators, 
population captures the movement of people in and out of the floodplain and is likely highly 
correlated to the movement of goods and changes in property value. In addition, population data 
is the most readily available data among the various potential indicators. At the long time scale 
used in this study (year 1911 to 2016), population data is only available for the city of Redding at 
decadal resolution, which was obtained from the U.S. Census Bureau (US Census 2017). Since 
population usually changes slowly, decadal data is sufficient for capturing long-term trends, but 
the lack of data points restricts the type of analysis which can applied. Given the available 
socioeconomic data, changes to reservoir operation are investigated across distinct periods of 
socioeconomic development, which are identified from the decadal population trends in 
Redding. In addition, and largely for the purpose of comparison, changes to the river system are 
also investigated as they result from the construction of Shasta Dam (where change to the system 
is expected to be dramatic and clear).  
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 “Change” in the context of this river system can be analyzed and quantified in various 
ways. At an exploratory level, trends in the flow rate of particular-frequency flood events (or 
likewise, in the return period of certain level floods (Read et. al 2013)) in Redding and at Shasta 
may be compared. A difference in flooding trends between the two sites would suggest that the 
river system (i.e. due to reservoir operation or construction) changed. However, further analysis 
would need to be done to determine some level of confidence regarding change to the system.  
To address change more rigorously in this study, we develop linear models for distinct 
periods in the reservoir-floodplain system (i.e. pre-dam-construction, post-dam-construction, 
post-population boom), compare the models with one another, and analyze the performance of 
the models during other time periods. To compare the models, we test whether differences in the 
slope regression coefficients are statistically significant, according to their estimated values and 
the standard error of the estimates (Schielzeth 2010). For these tests, the null hypothesis, H0, is 
that the slope coefficients are the same (i.e. that there is no change to the river system). We adopt 
a significance level of α = .05; therefore, any test with p-value < .05 would indicate that there has 
been a change in the river system (reject the null hypothesis).  
To analyze the performance of the models during other time periods, we first calculate 
the residuals between the given model’s predictions for the new period and observations in the 
new period. A given model’s performance with respect to a given time period is described by the 
Nash Sutcliffe Efficiency, as shown in equation 23 (Nash and Sutcliffe 1970): 










     (23) 
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where Q is flow, O denotes observed, and M denotes modelled. The Nash Sutcliffe Efficiency 
(NSE) ranges from 1 to negative infinity; an NSE of one indicates that the model perfectly 
reproduces the observed value, and an NSE of zero indicates that the model has an equal amount 
of squared residual errors as a representation of the data by a normal distribution. Smaller, or 
more negative, NSE values indicate worse model performance. In addition to having a small 
amount of error, a “good” model must still satisfy two basic 
assumptions regarding its residuals (excluding normality since it is 
not as vital): independence and constant variance (Eberhardt and 
Thomas 1991). Residuals must not exhibit a relationship with any 
regression predictor or the dependent variable (independence) and 
must have equal variance throughout the range of predicted values 
(constant variance). If a model fails to satisfy these assumptions 
when applied to another time period, it is no longer a valid model 
and may be rejected – indicating that the river system has 
changed. 
 Stream gauges with a long history of record are needed to represent inflows to Shasta 
Dam (those unaffected by the dam’s construction and operation) and flows at Redding, CA 
(where socioeconomic data is obtained). The two stream gauges chosen are along the Pit River, 
the main tributary of the Sacramento River and just upstream of the dam, and along the 
Sacramento River at Red Bluff, approximately 40 miles downstream from Redding (see Figure 
19). While additional stream gauges along other tributaries could be used to build a more 
accurate, multiple linear regression and other stream gauges offer closer proximity to Redding, 
these two gauges are chosen because they possess longest history of streamflow records. To 
Figure 19: Stream gauges at Pit 
River (Yellow), Redding (Red), and 




confirm that flow at Red Bluff is a suitable proxy for flow at Redding, a linear regression was 
conducted to predict Redding flow from Red Bluff flow, shown in Figure 20. This regression 
was based on the entire period of available daily streamflow data shared by the two sites before 
Shasta Dam’s construction, from October 1941 to September 1944. The linear regression has an 
R-squared value of .98, indicating that streamfow at Red Bluff explains 98 percent of the 
variance in streamflow at Redding. Thus, flow at Red Bluff, where the record extends back to 
1911, will serve as a suitable proxy for flow at Redding. 
 
Results and Discussion: 
 Figure 21 shows the annual peak flows at Red Bluff (Redding proxy) and decadal 
population data for the city of Redding. From visual inspection, the annual peak flows seem to 
decrease dramatically following the construction of the dam in 1945. Approximately 30 years 
later, in the 1970s and 1980s, the population in Redding increases drastically. The population 
increase is plausibly in response to the decreased flooding, though, as mentioned previously, the 
Figure 20: A linear regression shows that streamflow at Red Bluff explains nearly all of the 
variance in streamflow at Redding. Therefore, Red Bluff flows may be used as a proxy for flow 
at Redding during trend analysis. 
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scope of this investigation is specifically on the link from population to operation. Indeed, there 
does seem to be a subtle decrease in annual peak flows following the population boom. For the 
remainder of this study, the time series of peak flows is divided into periods of pre-construction 
(1911-1944), post-construction (1946-1985), and post-population boom (1986-2016). 
 The return period trends at Pit River and Red Bluff provide some initial insight as well, 
Table 2. As it seems in Figure 21, the flow associated with a 10-year flood event does decreases 
from pre-construction to post-construction to post-population boom at Red Bluff. Notably, at Pit 
River the opposite trend occurs, flows for the 10-year flood event decrease. These contrasting 
trends suggest that changes occurred in the river system both due to construction of Shasta Dam 
in 1945 and changing reservoir operation after the population boom in Redding. However, are 
these trends, and their contrast significant? 
 
 
Figure 21: Population of the city of Redding and annual peak flow data seem to interact, as there is a subtle decrease in annual 
peak flows following the sudden population increase during the 1970s and 1980s. As expected, annual peak flows decrease 





Table 2: Flows associated with 10-year flood events at Red Bluff decrease although such flows increase at Pit River, suggesting 










The “control model” for the Shasta-to-Redding river system is shown in Figure 22. The 
model is built from the pre-dam-construction peak flow data only. Since the reservoir had not 
been constructed, this model represents the functioning of the natural river system. The model 
has an F-stat p-value < .001 (indicating definitive significance), adequately satisfies residual 
assumptions, and has an R-squared of .60. So, annual peak flow at Pit River explains a 






Pre Dam Construction 19988 216006 
Post Dam Construction 28072 145379 
Post Population Boom 29870 119164 
Figure 22: The “control model” for the Shasta-to-Redding river system before dam construction is extremely significant (p-value 
< .001) and explains 60 percent of the variance in peak flows at Red Bluff. 
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meaningful, 60 percent, portion of the variability in peak flow at Red Bluff, but “random” factors 
clearly also play a role. The slope regression coefficient of the model is .714, indicating that 
variability in peak flow is somewhat dampened by the river system between Pit River and Red 
Bluff. 
 Following construction of the Shasta Dam, the river system does indeed change in a 
significant manner. Figure 23 shows the control model, the model constructed for post-
construction (1946-1985), and the data points for both time periods. Visually, the two models are 
very different, and the control model does not estimate the data well after construction of the 
dam. In fact, the NSE of the control model applied to the post-construction data is -.21. The 
negative NSE indicates that the control model predicts the post-construction peak flows at Red 
Bluff worse than a model which treats Red Bluff peak flow as a purely random variable. On the 
other hand, the post-construction model has an R-squared of .50, showing that Pit River peak 
flow does explain half of the variance in peak flow at Red Bluff. 
As shown in Figure 23, the slope regression coefficient for the post-construction model is 
only .334, far less than that of the control model. The small slope coefficient means that, after 
dam construction, the majority of peak flow variability is now dampened out between Pit River 
and Red Bluff. This finding is reasonable since a primary function of reservoir is to reduce flow 
variability, particularly dampening extreme flood events. Testing for statistically significant 
difference in slope coefficients yields a p-value < .001 (the standard error for the control model 






Figure 23: The control model is plotted alongside the new model built with data after construction of the dam, and the data 
points are colored to match the appropriate periods. The new model for post-construction appears significantly different and the 
control model poorly estimates the post-construction data. 
  
 
 On the other hand, a change to the 
river system again in response to the Redding 
population boom cannot be confirmed. 
Figure 25 shows the post-construction (pre-
population boom) model and data and the 
post-population boom model and data. Here, 
the models are much more similar. In fact, 
the NSE of the pre-population boom model 
applied to the post-population boom data is approximately equal to the R-squared of post-
population boom model (.51 versus .58), showing that there are only minimally greater squared 
Figure 24: Residuals of the control model, when applied to post-
construction data, display a clear trend. The model overpredicts 




residuals when using the former model. Considering this outcome, change to the river system 
cannot be concluded based on model performances. 
 As indicated within Figure 25, the slope coefficient for the post-population boom model 
decreases to .30. Thus, the reservoir operation seems to have shifted to further dampen peak flow 
variability. However, testing for a statistically significant difference between slope coefficients 
yields a p-value = .31 (the standard error of the slope coefficient estimate for the post-
construction model = .054); therefore, the post-construction model cannot be rejected on grounds 
of a different slope coefficient. 
Finally, the residual assumptions, 
when applying the post-construction model 
to the post-population boom data, are not 
sufficiently violated to reject the post-
construction model. Figure 26 shows that 
Figure 25: There is not a significant difference between models for the post-construction (pre-population-boom) and post-
population-boom peak flows. 
Figure 26: There is no trend in residuals when applying the post-
construction model to the post-population boom data, though there 
is a slight positive bias in residuals. 
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there is no trend in the model residuals, though the post-construction model does seem to 
systematically underestimate peak flows at Redding (i.e. there is a positive bias to the residuals). 
Since the positive bias in the residuals is small, there is not sufficient evidence to overturn the 
results of the two previous tests and reject the post-construction model. Overall, it cannot be 
concluded that a change to the Shasta-to-Redding river system, and therefore to reservoir 
operation, occurred following the population boom in Redding. 
Conclusions:  
This chapter has demonstrated a statistical framework for analyzing the effect of 
socioeconomic development on reservoir operation. By conceptualizing a reservoir as the 
actively managed element of a river system which mediates upstream-downstream flow 
relationships, reservoir impacts were interpreted from linear regressions between upstream and 
downstream flood regimes. This framework was applied to a case study of the Shasta Dam and 
the downstream city of Redding, CA. It was shown that construction of the Shasta Dam clearly 
changed the river system in 1945, dampening incoming peak flows such that flood in Redding 
was reduced. Though reservoir operation appears to shift toward even further dampening of 
incoming peak flows following a population boom in Redding, the changes to the river system 
were insignificant, in a statistical sense.  
Therefore, this chapter does not conclusively verify the presence of a feedback from 
socio-economic development to reservoir operation for the Shasta Dam-Redding system. Future 
work which does conclusively verify this feedback would be useful support for the conceptual 
model and analysis presented in chapters 2 and 3. Future case studies may also reveal new 
information to incorporate into or re-interpret the conceptual model. 
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There are three likely potential reasons that the feedback is not verified: the statistical 
methods are inadequate, the feedback is not strong at this site, or the feedback is generally not as 
strong as the conceptual background may suggest. The feedback may be weak, in the site 
specific or general case, for a host of reasons. Most notably, the feedback may be 1) too slow to 
be captured in at a multi-decadal time scale, 2) interrupted by political and bureaucratic elements 
of reservoir management, or 3) complicated by uncertainties in human decision making. The 
statistical methods could be improved by including more upstream tributaries to increase the 
predictive abilities of the linear regressions – it would be easier to discern differences in the 
linear models if they each had less associated uncertainty. There also may be alternative 
statistical methods, unknown to the author, which may more precisely test the hypothesis that the 




CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
  
We demonstrate that reservoir-floodplain systems will, in most scenarios of initial 
conditions and environmental or economic context, evolve toward a highly developed, high-
flood-buffer state. This means that many reservoirs could eventually be operated with more 
priority for flood control than intended during design, at the cost of water conservation 
purposes. Only watersheds with floodplains that are initially very undeveloped are expected to be 
exempt from evolving toward higher development. When the downstream river-adjacent 
communities are slow to forget floods or when inflow is especially uncertain, the coupled system 
is not expected to evolve to as high of a development level and is more likely to not grow at all. 
We also find that optimal reservoir operation becomes relatively stable after some threshold 
development level, but only in cases where surface impermeability does not significantly 
multiply flood damages. 
In light of the strong possibility that floodplain development will increase in response to 
flood presentation, it may be advantageous for reservoirs to operate at a flood buffer level below 
that which is optimal considering only the current flood-dry season sequence (i.e. an event and 
seasonal horizon). Our analysis shows that the flood buffer choice which is expected to maintain 
a steady downstream development level provides less expected net benefits than the optimal 
flood buffer considering the traditional, seasonal horizon. However, if the optimal flood buffer is 
chosen, the expected net benefits in the future, after the floodplain has evolved to a higher 
development, are less than if the steady development flood buffer is chosen. Thus, over the 
lifetime of the reservoir, it may be more beneficial to choose the steady development buffer, 
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depending on the amount of difference in aforementioned benefits, the rate of floodplain 
development, and the discount rate (i.e. preference for present benefits over future benefits). 
We attempt to validate the hypothesized positive feedback loop via a real-world case 
study but ultimately do not find a statistically significant change in reservoir operation resulting 
from downstream floodplain development. We develop a regression model to describe how the 
river system translates upstream peak flows into downstream peak flows. The model confirms 
that this function of the river system changes following dam construction. However, while the 
Shasta dam and downstream Redding, CA seem to bear some signatures of a coupled reservoir-
city, a statistically significant relationship between population growth in Redding, CA and 
reservoir operation at Shasta dam is not found. 
 The primary area for future work is the development of a dynamic optimization model, 
where: the objective is to maximize net benefits over the full project horizon; the control is the 
trajectory of the flood buffer over the full horizon; and the system state is the floodplain 
development level. The important results of this future work will be 1) the description of an 
optimal flood buffer (control) trajectory and 2) quantification of the value of disincentivizing 
floodplain development. These quantitative measures would provide a step toward making the 
findings of the present work actionable for real-world operation and would be a further 
springboard to more full treatment of reservoir operation within a dynamic, coupled human-
nature framework. 
 In addition, an important future work is the development of a conclusive case study and 
other real-world support for the proposed dynamic framework (if such evidence exists). 
Examples of floodplain development feeding back to affect reservoir operation would validate 
and provide knowledge to modify the present work. Moreover, demonstration of lost hydropower 
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production or water supply reliability correlated with increased floodplain development would 
serve to validate the conclusion that uncontrolled evolution of coupled reservoir-floodplain 
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